UNCLASSIFIED

10 274 228

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED



NOTICE: When govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have fornulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise a8 in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



—-

| §274228

DASA REPORT NO. 1273
" "n i " L] " "

IR itk

»C/Jl o o n " h o III"“
-7 MEMORANDUM REPORT NO. 1390
-— MARCH 1962
£
£
Lt'«f -
=g
ANl INFORMATION SUMMARY OF
a BLAST PATTERNS IN TUNNELS AND CHA‘MBERS
N (Second Edition)
G
-~ Shock Tube Facility Staff
e B y-6d-37
~

Program was supported in part by the
Defense Atomic Support Agency; WEB No. 13.111

Ordnance Management Structure Code No. 5010.21.83024
BALLISTIC RESEARCH LABORATORIES

R M DTN 0 AU P AR RN R oL B Ik xawwwmwmwm&mmmx
r LN EIAGY, mﬁ&%&wmmwmmmmmwmmw b

ABERDEEN PROVING GROUND, MARYLAND




BALLISTIC RESEARCH LABORATORIES

MEMORANDUM REFORT NO, 1390

DASA REPORT NO. 1273

MARCH 1962

Information Summary of Blast
Patterns in Tunnels and Chambers
(Second Edition)

Shock Tube Facility
Terminal Ballistics Laboratory and Staff

Program was supported in part by the Defense
Atomic Support Agency: WEB No. 13.111

Ordnance Management Structure Code No. 5010.21.83024

(Department of the Army Project No. 503-04-002
Ordnance Management Structure Code No. 5010.11.815)

ABERDEEN PROVING GROUND, MARYLAND



FREFACE

The military requirements for protective construction have in
recent years been most demanding since they include “blast herdened”
designs. This in many cases means putting the comstruction deep under-
ground and sets up requirements for information on the behavior of blast
waves in confined region such as tunnels and chambers.

The Shock Tube Facility at the Ballistic Research laboratories (BRL)
endesvaored to obtain information on the behavior of blast waves in tunnels
sxd chasbers by instrumenting models of simple tunnel configuwrations with
plezo electric gages and subjecting the models to the blast wave from
shock tubes. Data were obtained from models attached to the 24" circular
tube, the 4" x 15" rectangular tube, and the high pressure tube. This
repart contains a compilation of the test results. ¥

Work in this field is still in process at BRL and for that reason -
there will be supplements to this report. The more recent efforts are
primarily directed toward establishing information for higher pressure

regions.
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NOTATION

Ambient sound velocity

Sound velocity behind the shock front

Sound velocity in the region of reflected shock pressure
Area (the cross-sectional ares of a tunnel)

A function equal to (ft psi/sec) which will be defined further
in Section T.1.2

Diemeter (the diameter of & tunnel)
Height

A function necessary in the calculation of the attemuation
in a tunnel which will be defined further in Section 5.1

Incident shock overpressure

Shock overpressure after interaction
Stagnation overpressure

Shock overpressure at time ¢

8hoek overpressure in a tunnel after a travel of x distance

Ataospheric pressure

Overpressure in a chamber

Reflected shock Mume

Absolute shock ratio

Radius of a tumnel

Radius of & reflecting area around a tunnel entrance
Perimeter of a cross section of a tunnel

Time

Particle velocity behind a shock wave



§) Shock front velocity

U5 Velocity of reflected shock wave

\ Volume (the colume of a chamber)

X Distance along a tunnel

R Angle of incidence

e A constant used in calculation of attenuation equal to 0.1% sec/ft
10 Total positive phase duration of the shock wave

T Time intercept of the incident wave

T! Effective time intercept presented to the remainder of a

tunnel at & Junction

! Effective time intercept presented to the side-on tunnel at a Junction



1. INTRODUCTION
1:1 ObJective
The information contained in this publication is assembled
to provide designers of protective construction with information that
will aid them in determining the pressures which may be expected in
tunnels and tunnel systems as a result of & boxd burst exterior to
the tumnel.
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1.2 lIeyout of Report
This report is presented in a menner conducive to immediate

use by the design engineer. The curves in the body of the report are
presented in terms of overpressure based upon an assumed atmospheric
pressure of 14.7 psi. A section of this cuapter discusses the method
to be used in converting the curves to pressure ratios so that the
information presented can be applied where the atmospheric pressure
is other than 14.7 psi. Section 2 of this report deals with basic
blast phenomena and contains sufficient informmtion for a; proper in-
terpretation of the material in the report.

1-2



1.3 Precautions
1.3.1 Limitations of Data

The majority of curves in this report are based on
experiments conducted at the BRL Shock Tube Facility. In some cases,
where & need for information exists and the experimentel work has not
begun, theoretical curves are presented. In most cases supplements to
this report will show data to substantiate curves based on theoretical
considerations.

As stated earlier, data were obtained using the family
of shock tubes at the BRL and this of course means that all data were
obtained on models. There is no evidence to cast any doubt about
using these dasta for prototype conditions, in fact, there is some to
support it, (See Section 1.3.k4).

The curves presented show input pressures between 10
and 1000 psi. For the input pressures above 35 psi data were obtained
on either the high pressure shock tube or the 4 x 15" shock tube. On
the latter the expansion chanber was evacuated and data obtained from
equivalent shock strengths.

The cwrves drawn through the experimental data were
constructed merely to show the trend of the date and for that reason
may be extrapolated to some degree. The reader is urged to consider
the scatter in the data points when meking & reading from the curve.



1.3.2 Wave Form

Effective application of the methods presented in this
report depend greatly upon the accuracy to vhich the assumed upper limits
of pressure and wave duration fit the true expected wave form. This then
necessarily leads to & requirement for target analysis based on probable
boub yield, ground range, height of burst, orientation and ground surface
condition.

In this report it is assumed that only the applied free
streem pressure, wave form and flow direction in the immediate vicinity
of the target is given. It is also assumed that the shock is free from
any loeding of foreign matter and that the shock is classical in nature.
The discussions contained herein will apply mainly to shock waves that
are free from any anomalies which might arise from intense pre-shock
thermal radiation.

Such restrictions must be placed on the use of this data
because the data were obtained under classical shock condition. However,
there are other factors and bits of information which when considered as
8 vhole, make the anomalous wave shape not quite so undesirable.

For instance, shock tube experiments show that a
compressional wave tends to become a shock when the driving force is
sustaining. This means that only the entrance conditions (Chapter 3)
would be effected by a precursor type wave, since once the wave is in the
tunnel and hzs traveled some distance it will shock-up. Outside of the"
tunnel complex the non-ideal wave form is a very good possibility. It

should work to the designers advantege for side-on orientations because

1-k



higher speed flows over the tunnel entrance have a greater resistance to
turning. In the face-on case it will be a disadventage in that one may
expect higher pressures initially in the tunmel. Figure 3.2 has a
dashed-in curve vhich may be used for predicting pressures when pre-

curlori are expected.
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1.3.3 Wave Duration

The durations of the shock waves used to obtaln the experimental
data presented were in all cases very long and exhibited a step (or comstant
pressure) wave form for a time in excess of the times required for a shock wave
to undergo the changes that were measured. Thls constant pressure shock wave
is equivalent to an infinitely long shock wave and hence will give an over-
estimate of the true pressure when compared to a classical shock wave. The
claessical blast wave will, for the purposes of selecting a standard for this
report, decay with time according to Friedlanders equation which is expressed as®

B, =P, (1- %) e "%

o

This means that at any given time during the passage of the shock wave the pressure
will be less than the step shock wave., For very high pressures the above equation
is not a good approximation because the decay rate is quite high., As stated
earlier these factors produce errors in predicted pressures but they favor the
designer since they indicate higher pressures than will be realized. The relation-
ship To > zgl—D may be used as a guide line for determining when these data may
be used without introducing an error of greater than 5 per cent. This will apply

when the Friedlanders curve approximately fits the predicted wave form.



1.3.4 Pull Scale Verification

The paucity of full scale date mekes it impossible to
state with certitude, that all the scale model data yresented here
can be substantiated by a full scale test. Test data are presented
on tunnel sizes from 7/8" to 22 1/2" but the large gap from these,
to dimensions of the order of 20 feet may cause some concern. It
should be stated here, that there is no reason to believe that a
large change in the scale factor will effect the data presented,
however efforts are being made to conduct tests on mmch larger models,
80 that a measure of certainty can be obtained.

On a recent field test, a 4 rt. diameter tunnel vas
exposed to the blast from 100 tons of TNT. The messured data sub-
stantiates, in part, the tunnel attemuation data presented in Chapter 5.

1-7



1.4 Conversion of Curves

Throughout the body of this report the cwrves are plotted
as a function of shock overpressure based on the standard atmospheric
pressure of 14.7 psi. In some instances where it is desirable to
apply these curves to experiments or to design for comstruction under
extreme conditions or high altitudes, it will be beneficial to convert
these shock overpressures to absolute shock ratios where ambient
pressure is taken into consideration.

It is suggested that for atmospheric pressures of 13 pei
and below, the shock overpressures presented herein be converted to
absolute pressure ratios for comperison to local conditions. Absolute
shock ratio is defined as deing (1>B + Pl)/Pl. The symbol commonly used
to designate the absolute pressure ratio across the shock front is P21‘
In order to convert the pressure axis of the curves pre-

sented in this report to P the individual values of overpressure, from

21’
the pressure axis, should be added to the standard atmospheric pressure
of 14.7 psi and these values should be divided by the same a.h:osplﬁric
pressure of 14.7 psi. These values should then replace the values of
shock overpressure now found on the curves. It should be noted that
for a shock overpressure of zero, Pal,vinhavethcvlluel, and that
all absolute shock ratios will be greater than 1.

Since it is decidedly easier for the individual to think
in pounds per square inch of overpressure than in absolute pressure
ratio, it is felt that for ease of understanding, the conversions to

absolute pressure ratio should be performed only for those conditions

previously mentioned.
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2., BASIC BLAST PHENOMENA
The interpretation of the materiel within this report requires some

knowledge of the basic blast phenomena and this chapter is designed to
satisfy that requirement. The reader is referred to the "Effects of Nuclear

Weapons"* for & comprehensive treatment of the phenomena,

* "The Effects of Nuclear Weapons", Washington 25, D. C. : Department of the

Army Pamphlet No. 39-3, May 1, 1957.
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2.1 The Shock Wave

The violent release of thermal energy in a gaseous medium gives
rise to a sudden pressure increase in that medium. This préum-e
distarbance, termed the shock wave, is the rise from the ambient pressure
to the pesk value in & time of the order of 108 seconds. This pressure
Jump or shock front travels radially from the burst point, with a dimin-
ishing velocity which at all times is in exceas of the sonic velocity
in the medium through which the shock is travelling. The gas molecules
meking up the wave move at velocities less than that of the shock front.
Both of these velocities, that of the front and that of the gas, are
functions of the magnitude of the pressure. Curves showing the rela-
tionship between shock front pressure, the velocity of the shock front,
and particle velocity are shown in Figure 2.1. The relationships shown
in Figure 2.1 are independent of the magnitude of the explosion, however,
the distance from the explosion at which any pressure or velocity is
obtained is & definite function of the magnitude of the explosion. The
mgnitude of the explosion governs the time “interval between the initial
pressure jup and the return of pressure to atmospheric presswre. This
interval is termed the positive phase duration and is generally referred
to as “dwration”. The larger the explosion, the greater the duration and
hence the greater will be the distance that the shock wave will travel.

The positive phase of the wave is followed by the negative
phase wvhich is spproximately 5 times the duration of the positive phase.
The negative phase is characterized by a pressure below the pre-shot
atmospheric presswre and a reversal of the particle flow. This is a

relatively unimportent phase of the blast wave.
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A shock wave is normally identified by its peak pressure and
duration. The term peak pressure is used synonymously with, incident
pressure, side-on pressure, or shock overpressure and it refers to the
static component of the blast wave. Since the blast wave is moving eny
attempt to measure the side-on component is complicated by dynamic effects.
A pressure sensing device positioned side-on to the wave will, for all
practical purposes measure the side-on component, however, & sensor at
angles to the wave will receive some pressure component resulting from
the motion of the pressure field in addition to the side-on component.
When the shock wave path is altered by some rigid obstruction, the shock
wave is diffracted about the obstruction. The pattern of such a dif-
fraction consists of reflection, stegnation, rarefaction, and compression

waves.

2-4



2.2 Reflected Pressures

When & shock wave impinges on a rigid surface oriented 90 degrees
to the direction of propagation of the wave, a reflected pressure is
instantly developed on the surface, The magnitude of reflected pressure
is about twice the incident pressure for week shocks and approaches a factor
of greater than 8 times the applied pressure for very strong shocks. Figure
2.2 shows the relationship between reflected and incident pressures. The
reflected pressure is important because of 1ts magnitude and rate of
application.

In a closed tunnel system the shock wave that reflects from the
blind end of & tunnel must pass back through itself. Its duration then
will be a direct function of the duration of the incident wave. In an
open system, one which permits flow around the edge or edges of a reflector,
the duration of the reflected pressure is controlled by the size of the re-
flecting surface, provided of course, that the quration of the wave is long.
The high reflected pressure seeks relief towards the lower pressure region.
This tendency for equalization 1s satisfied by the propagation of rasrefaction
waves from the low pressure reglions to the high pressure region. These rare-
faction waves travel at the velocity of sound in the medium. The duration of
the reflected pressure will be gquite small on small targets even though the
total wave duration may be long. Reflected pressure is thereby reduced to the

stagnation pressure by the action of the rarefaction weve.
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2.3 Stagnation Pressure

Once the shock wave has encountered the normal reflecting surface,
and the reflected wave has been relieved, stagnation pressure exhibits
itself on the reflecting surface, This pressure is & result of the air
particles coming to rest on the reflecting surface and transforming the
dynamic momentum of air particles to static pressure. The resulting
pressure region will be sustained as long as there is flow and 1ts
magnitude will be a function of the flow velocity and density. A curve
showing incident shock overpressure versus stagnation overpressure is
shown in Figure 2.3, It can be shown then that by far the majority of
impulse delivered to a small target by a long duration wave is contributed
by stagnation pressure. It should be noted here that while stagnation
pressure may be exerted on the reflecting surface of an object, the rear
surface (back side of a wall) has a distinctly lower and different pressure
pattern. The net force on the reflector will be the difference between
the face-on and rear-on forces. This difference is often called the drag

force.
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2.4 Drag Force
The drag force can be defined as that force which tends to translate

an object lmmersed in the air stream of & shock wave., This 1is actually the
vector sum of the two forces; the tangential force resulting from the surface
friction and the normal or pressure force. For the purposes of this report
the latter is of primary concern end can be considered the resultant force
between the front and rear surfaces of the target, The governing parameters
for the drag force are the velocity of the alr particles, the density of the
alr stream, and the shape of the target. One can roughly approximate the
drag force by neglecting the shape of the object and taking the difference
between the force on the front which results from stagnation pressure and
that on the rear, which is assumed to be side-on pressure.

When the shape of an object is neglected, one assumes a drag coefficient
of 1. This coefficlent is a number which relates the shape of an obJject to
the flow field in which it is immersed. It is obvious that in streamlining
a target the pressure distribution about the target 1s greatly altered and
hence causeg two objects with the same frontal areas to exhibit different

resistant forces.
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2.5 8Sound Velocities Assoclated With Shock Waves

As stated earlier the curves in this report are plotted as a function
of shock overpressure based on an atmospheric pressure of 14.7 psi. It was
also necessary to assume a sound veloclity in the medium through which the
shock 1s traveling since this parameter also effects the shock wave behavior.
The curves in this report are based on & sound velocity of 1117 ft/sec.
In order to perform certain of the manipulations of shock waves presented
in later sections of the report, it will be necessary to be aware of the
sound velocities assoclated with various parts of the shock wave. Figure
2.4 and 2.5 are plots of the sound velocity behind the shock front and
sound velocity behind the reflected shock front as a function of shock overpressure

and reflected shock overpressure respectively.
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2.6 Velocity of a Reflected Wave

When a shock wave reflects and passes back through itself the pressure
of the reflected wave is as shown in Figure 2.2. The velocity of this re-

flected wave is plotted in Figure 2.6 as a function of the incident wave.



2-14

- s
T roe v ’e T % ¢ . ¥ ey v
1 4 i T T T T
T 3 ¥ : ? *
T T + . ¢ 1
bas pane 3 -
- T T T T T it T T :
$ + e Y :
¥ el et T
: : } T T
T . + " " t :
T ines s s F : : : =
ioTas ipas : 3 = ~+
o e e
aam 32 T s sgoesiinal aa
N =
= T = s et = : e}
Y Ty T 7 : —
= ¥
T e T T T , he >,
> 1
] =T -
T T 8 e *n - - T
T :
: :
;
: T N + ;
0 : i
- — e ) !
e : 2
%
T
T R 5
: N
:
= N ] =]
N
T - : : =
T N e Sege npugs Iopad :
N
b — SEe Sy 4
: T o
N S =
™
= o T
= T SEas STy
N -
1 T S
SS o
ose S o
: X foyes Sarse
T %
s = o,
s e :
NS s =y ; :
) g - o it
- ™
= >~
K
T R 1
T T o2 rmpas + .
; pass 05
T
> :
2 ¥
T s
: T = |
: T NG ; s =
> ¥
¥
T | *
: : 3 :
2%s & = e
¥ o = o ?
¥
e T &
ae Laoea e N
T ™ 3 Y :
: ™ : N
T =
; e sens N os
it ~ = : NG T
T o e
. T = o T =
T : N :
T = T T = T o5t
: : :
T e o T : T tooe o
5 et T T s ! |
t T
5% taaes a: ! T T T ¥
Ty HhH : T
t : = T T T ot bos oa:
e o
i — - e i ivet i obat eain Eabes ou e ———— i b -
e i T - T > o T
T ro T ¥ + t >
H
N . .
- 4 L 3 -e
= *r =
3 3 s 1 T 1
3 = 3 ¥ 1 0
Smesssass i T &
—F aozas !
—F T 22 : : s ]
 » yaa : 2 - = e e o T sevenueesannesneee ot
- e = sawe 1 T wa s sus »; 3 e w - an - T
2 2 i =2 = Sa2i3iiiill =58 222 |




3. SHOCK ENTRY INTO TUNNELS

3.1 The Face-On Tunnel

The orientation of & tunnel entrance plays a major part in determining
the strength of a shock wave that 1s propagated through the tunnel., Also the
geometry of the area in the vicinity of entrance Influences the shock trans-
mitted into the tunnel. For instance, for the face-on case, if a tunnel has
a large reflecting area surrounding it such as a tunnel in the face of a
large sheer cliff, a long duration reflected pressure will exist on the surface
in the region of the tunnel entrance when a shock wave is incident upon the
cliff. This reflected pressure region enhances the shock wave that is propa-
gated into the tunnel, On the other hand a thin wall pipe with its entrance
facing the blast would merely confine the shock wave to a one dimensional
expansion after it enters the tunnel. The pressures transmitted in a tunnel

for the two extremes in entrance condition are quite different.



3.1.1 Effect of the Reflecting Aresa

3.,1.1.1 The Large Reflecting Area

When 8 shock wave impinges on & tunnel surrounded by a
large reflecting area, the new shock formed in the tunnel is stronger than
the applied incident wave, Some time 1s required to form the new shock to
this increased value and this time is & function of the diameter of the tunnel,
the incldent shock pressure, and the area of the reflecti;g surface, The area
of the reflecting surface and the dlameter of the tunnel are the determinates
for the thickness of the reflected pressure region. A large ratio of reflecting
area to tunnel area will produce a reflected pressure region sufficient in size
to permit thé shock to form without noticeably affecting the reflected pressure
zone.

When the reflecting area is not large enough to sustain
the reflected pressure until the new shock wave is fully developed in the tunnel,
the formation distance will be shorter, yielding pressures less than those re-
sulting from the larger reflecting area. When the reflecting surface is limited
in extent, a rarefaction from the outer edge of the surface will reduce the re-
flected pressure and the maximum possible transmitted pressure.

Figure 3.1 shows a reflecting surface, tunnel combination
where the reflecting surface is considered large. The tunnel is Instrumented
with pressure-time gages. The gage positlion close to the entrance indicates
the incident pressure of the applied peak pressure wave and as the wave progresses
down the tunnel the peak pressure increases. It maximizes at a distance of
about 10 diameters and then begins to decay. Pressure-time curves at the posi-
tions close to the orifice show a complex wave form that comprises both the inci-

dent wave form and some of the higher pressure of the reflected zone. The distance

3-2
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required for these two pressures to coalesce and form the maximum shock 1s con-
sidered the formation dlstance. BRL experiments to date indicate this distance
to be between 5 and 10 diameters. For the purpose of establishing continuity
of design criteria it is suggested that the assumption be made that the pressure
in a tunnel will maximize at a distance of 10 tunnel diameters from the entrance
or other disturbing condition. Thie factor should be considered when designing

tunnels.‘



3.1.1.2 Pressure in the Face-On Tunnel With a Large Reflecting Area

When & shock wave is face-on to a large plane surface of a
tunnel entrance, the newly formed wave enters the tunnel and builds to the maximum
pressure in 10 diameters down the tunnel. A curve showing this maximum pressure
as a function of the incident pressure cean be found in Figure 3.2,

In the event that an anomalous wave shape is predicted
for the face-on condition it is suggested that the dashed curve in Figure 3.2

be used to predict the pressures in the tunnel.
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3.1.1.3 The Small Reflecting Area

When a reflecting area (baffle) is not large enough to
sustain the reflected pressure until the new shock wave is fully developed
in the tunnel, the shock formation distance will be shorter, yielding pressures
less than those resulting from a large reflecting area. When the reflecting
surface is so limited, a rarefaction from the outer edge of the surface will
reduce the reservoir of reflected pressure to the extent that the maximum
possible transmitted pressure will not be achileved.

Figure 3.3 shows curves which may be used to predict the
maximum shock pressure developed in a tunnel for several baffle-tunnel radii
ratios. It should be noted here that for & baffle-tunnel radiil ratio of one,
that pressure transmitted into the tunnel will be the same as the incident shock
wave since no baffle or reflecting area exists to cause wave interaction. It
might also be mentioned that for an infinite baffle-tunnel radii ratio, Figure

3.2 will be applied as the upper limit of Figure 3.3.
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3.1.2 Guide Lines for Predicting Pressures

Guide lines for the valid use of the curve in FPigure 3.2 are
set out as follows:

a. The distance between the periphery of the tunnel and the edge of the
reflecting surface should be at least two tunnel diameters. If the tunnel is
not in the eenter of the reflecting surface, then the distance to the nearest
relieving edge will determine the relief time of the reflected pressure and
the resulting maximum tunnel pressure.

b, Any rigid surface capable of withstanding the reflected pressure can
be considered a reflecting surface, and unless the surface has a roughness with
perturbations comparable in size to the tunnel diameter, it can be consldered
smooth.

c. The conditions for input wave duration as outlined in Section 1.3.3
should be adhered to. An approximste figure for valid use of the curve however,

is a duration where To > 22—2 + If the duration of the appllied wave 1s less

1
than 22—2 then pressures less than those predicted from Figure 3.2 will be
1
obtained.

3-9



3.2 The Side-On Tunnel

3.2,1 The Tunnel Side-On to a Shock Wave

When a shock wave approaches a tunnel so that the tunnel axis
18 90 degrees to the direction of travel of the app’ied shock, the shock wave
propagated in the tunnel will be less than the incident shock wave. The driviﬁg
pressure here for the new shock wave is the incident pressure of the applied
shock.

A verticle shaft in the earth, over which the shock wave travels,
has a8 very large shocked air volume on the surface of the ground to drive the
new shock and the shock in the tunnel will maximize as a result of this. The
curve in Figure 3.4 will enable one to predict the new shock pressure in the
side-on tunnel when the applied shock pressure 1s known.

It might also be pointed out that the case of a tunnel side-on
to a second tunnel, where the first tunnel is very large compared to the one in
question, may be considered as being & tunnel side-on to a shock wave traveling
along the surface of the ground. In this case also, the pressure transmitted
into the tunnel may be found from Figure 3.4 when the pressure in the large tunnel

is known.
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3.2.2 Exceptions for the Side-On Tunnel

When a tunnel 1s side-on to the incident shock wave but close
enough to a large reflecting wall for the reflected pressure reglon to exist
at the entrance to the tunnel, the entrance condition is, for all practical
purposes, the same as the face-on case, and Figure 3.2 should be used for
predicting the transmitted pressure. Figure 3.5 (a) and (b) shows a sketch
of entrance configurations of this type, and the idealized pressure time curve,
When the distance from the tunnel to the wall 1s equal to or less than the
height of the wall as shown in sketch (a) one may assume the reflected condition.
The effect will be a transient one because the reflected wave dissipates quickly.
In this case the transmitted wave will be initially complex,
since it contains components of both the incident and the reflected waves (see
Figure 3.5 (b). The interval between the two peaks shortens with time and will
depend upon the incident pressure, the distance from the tunnel to the wall, and
the distance the transmitted shock wave has moved down the tunnel. Finally they

will coalesce to form one shock.
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5.3 The Oblique Tunnel

When a shock wave impinges on a tunnel entrance, surrounded by an
infinite baffle, at angles other than O and 90 degrees the pressure transmitted
into the tunnel can be predicted from Figure 3.6. The values obtained at O and 90
degrees from Figure 3.6 will be the same as those obtained from the face-on and

side-on conditions respectively (see Figures 3.2 and 3.4).
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L. TUNNEL JUNCTIONS

The intersection of one or more tunnels is termed as junction. Here the
shock wave in the main tunnel generates shock waves in the secondary tunnels.
This sectlon presents experimental data which show the pressures which may be
expected downstream of particular tunnel Jjunctions, Throughout this section
the term primery tunnel refers to the tunnel in which the shock conditions

are known. The tunnels after a Jjunction will be known as secondary tunnels.
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4,1 Side-On Tunnel Junctions

4.1.,1 The Tunnel Side-On to an Equal Area Tunnel

When a tunnel Jjoins an equal area tunnel at 900, the curve
shown in Figure 4.1 should be used to predict the pressure in the secondary
tunnel. Note that the pressures predicted from this curve are less than
those shown in Figure 3.4 where there is essentlally an infinite supply of

air at the entrance of the tunnel.
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4.1.2 The Tunnel Side-On to a Tunnel of Larger Area

As of this writing, no complete information can be presented
in answer to this problem. This information is now being gathered and will
be presented at the earliest possible time. It however is worthy of mention
at this time thap'as an upper limit in the case of & small tunnel side-on
to an extremely large tunnel, Figure 3.l may be used to predict the pressure

developed in the secondary tunnel.
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.2 The Pressure in the Primary Tunnel After a 90o Tunnel of Equal Area

Figure 4.2 can be used to predict the pressure in the primary tunnel
after its intersection with 8 secondary tunnel which has an axis perpendicular

to the axis of the primary tunnel.
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4.3 The "7 Junction

Figure 4.3 shows a curve which may be used to predict the pressures
that are obtained in the two secondary tunnels of a "T" configuration, when a

shock wave is directed down the stem of the "T",
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4 4 The "Y' Junction

Figure 4.4 may be used to predict the pressures in the two secondary

tunnels of a symmetrical "Y" tunnel configuration.
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L.5 The "Cross" (+) Tunnel

Figure 4.5 shows the pressures which may be expected in the secondary
tunnels of a cross. The figure shows two curves; one for the tunnels which have
axes perpendicular to the primary tunnel and one for the secondary tunnel which

is an extension of the primary tunnel, through the Jjunction.
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5. THE ATTENUATION OF A SHOCK WAVE IN A TUNNEL

When a peak shock wave travels through a tunnel the overpressure of the
shock front will attenuate due to the one dimensional expansion of the shock
wave and because of viscous interaction between the shock wave and the tunnel
wall. The one dimensional expansion is governed by the wave shape, and the
decay due to viscosity effects is a function of the roughness of the tunnel
wall,

This chapter presents a theoretical equation which can be used in
determining the attenuation in & tunnel, and the equation has been reduced
to a nomogreph so that problems can be readily worked., It should be applied
only to smooth wall tunnels, however, because it is based on experiments with
smooth wall pipes. When this equation is applied to rough wall tunnels it

will predict an over estimate of the pressure.
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5.1 Predicting the Attenuation of a Shock Wave in a Tunnel

In order to predlet the attenuation of a blast wave, a time intercept
() must be determined. This would most effectively be accomplished by con-
structing a pressure-time curve of the blast wave in the tunnel and drawing a
tangent to the profile immediately behind the shock front. The time interval
between the front and the intersection of the tangent line with the base line
(atmospheric pressure) is the time intercept, (Figure 5.1). In the event that
this wave shape 1s not avallable, the T for the shock wave before entrance into
the tunnel may be used.

The pressure in the tunnel at the start should be given in Chapter 3.
In eddition, the perimeter of the tunnel, S (ft), the cross-sectional area of
the tunnel, A (ftz), the distance the shock wave is to travel in the tunnel, x
(ft) and the value of the constant, K, which is a function of the overpressure
of the shock wave determined from Figure 5.2, must be known.

Substituting these known parameters into the equation

t
P =P exp - %ﬁ + 1 s Kx Eq 5.1
b4 X 1 )
T

T + 1l -
T (
1 TP, + 6P

and solving the equation for PS gives the pressure remaining after a travel
b'4
of x distance down the tunnel.
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5.2 Predicting the Duration of a Shock Wave in a Tunnel

When a shock wave passes down a tunnel, viscous effects act on the
wave in such & way as to decrease the slope of the wave immediately behind the
front, This is a result of the dissipation of kinetic energy toward the rear
of the wave, and hence 1t cannot contribute to the support of the shock front.
Therefore, the actual pressure-time profile, measured at a point othar than the
entrance, shows a larger time intercept than what should be used to calculate
attenuation due to expansion alone,

After an attenuation due to travel of the shock wave down the tunnel,
there will be two time intercepts associated with the shock wave. One of these
time intercepts will be that presented to the remainder of the straight uniform
tunnel, and the second will be that presented side-on to any sort of tunnel
Junction.

The time intercept presented to the remainder of the straight uniform

tunnel, t' , will be that obtained from the equation

7Pl
TV =T 4+ ’Z‘a (1- yf——) Eq. 5.2
1 TP, + GPS

The time intercept presented side-on to any type of tunnel junction,

7, will be given by

2)(p, )
11 (5/
?' = ;‘ - Sx F] Eq.' 5'5
éo(7e, + P_)
x
vhere @ = 0.13 sec/ft,, and P 1s the pressure at x from equation 5.1.
S x



5.3 Determining the Attenuation in a Tunnel From a Nomogram

Figure 5.3 is a nomogram that can be used for the determination of
the pressure remaining after the shock wave has traveled down a tunnel for a
glven distance. Directions for the use of this nomogram are given in Figure
5.3. When using the nomogram for the determination of attenuation, the limit
of the input parameters should be kept in mind. The limits are: P; from 10
psl to 1000 psi, x from 10 feet to 1000 feet, T from .5 sec. to 5 sec. and the
diameter of the tunnel from .5 feet to 30 feet.

When the tunnel to be considered has a round cross-section the nomo-
gram can be used directly, but if the tunnel has a cross section other than
circular, the use should be modified as follows. Rather than using Step 5 of
the directions involving scales F and G, the value of gg for the tunnel should
be used as the value of scale G and the directions followed as usual from Step 6
on,.

Since the distance scale on the nomograph is a maximum at 1000 feet it
will be necessary to treat very long tunnels in 1000 foot intervals and when
this is the case use Equation 5.2 for computing a new time intercept for the new
increment. A simple calculation has been made on the nomogram using the input

parameters indicated on the work sheet and the values of this sample are also

indicated on the work sheet.
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l. Determine the values of the input shock overpressure, the time intercept of the input shock wave,
the dlameter of the tunnel and the distance the shock wave 1s to travel in the tunnel. Record
these values with the proper units in the appropriate places on the work sheet.

2, Locate the values of the input shock overpressure and the travel distance on scales A and B
respectively. By placing a straight edge along the values on scales A and B, read the indicated
value on scale C. Record this value on the work sheet.

3. To the value read from scale C add the value of the time Intercept and record the sum on the work
sheet in the space indicated as scale D,

4k, Iocate the value of scale D on its respective scale and read the corresponding velue from scale E.
Record this value on the work sheet.

5. Locate the value of the tunnel diameter on scale F and read the corresponding value on scale G.
Record this value from scale G on the work sheet.

6. Add the values from scales E and G and record the sum on the work sheet in the space indicated as
scale H.

T. Multiply the travel distance by 0.0001ll and enter this on the work sheet in the space indicated as
scale I.

8. Locete the values of scales H and I on thelr respective scales.
the values on scales H and I read the Indicated value on scale J.
sheet.

By placing a straight edge along
Record this value on the work

9. Divide the value of the input shock overpressure by the value on scale J and record this value on
the work sheet as Ps , the pressure remaining after a trevel of x distance down the tunnel.
X
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FIG. 5.3- NOMOGRAM FOR DETERMINING THE ATTENUATION OF A SHOCK WAVE
TRAVELING IN A TUNNEL.



WORK SHEET

Input Shock Overpressure, psi,--«-- 100 ==e;ee cmmme ecae- .
Travel Distance, ft,--------cuccau- 1000 =-==c  cccme ceewa .
Time Intercept, seCc,~=---wcccau-aa- 1l cecme mmmee eee-a ___
Tunnel Diameter, ft.----------=---- 10 mcmee mmmen daeea
Scale Commmmmmemmccmcccccccccaacea- 0.1% ccmce cmece amea- -
Scale Deemmecmemccam e Lolh cemeee e eeeas .
Scale BE-vwencmcacm e 0.95 =e==ec  aceac ccea-
Scale Geoemcmmccmcccme e mmem—aea 2,80 mmcee cmeee eeee-
Scale He---ememmmmmomcceme e ccmeeeem 3,75 =====  mmemee eeeee .
Scale I-cecmmrocmc o re e 0.11 mmcee mmmme meemme -
Scale J--c-ce-mmemccmcemccemaeene L8 cmcae memee aeaes
P, 5 Psi.=--momocmooomooooooe e 678 —moae cemee aaen -
X



6. AREA CHAWGES IN TVNNELS
As might be expected, vhen a shock wave travels through a section

of transition in a tunnel, it will experience some change due to the
transition. This change, either an increase or decrease in the shock
pressure will depend upon the nature of the transition and also upon the
extent of the transition. At present the experimental data on ares
changes is very limited however experiments are in process so new
information is forthcoming.



6.1 Apes Incresses in Tunnels
A shock wave passing tlrough an area increase in & timnel under-

goes a decrease in pressure. For & long duration or step incident wave, |
the trensmitted wave is always pesked close to the area change, but after
several dlamsters of the new increased area, the wave tends to flatten
out. In all cases, the strength of the wave decreases after passing into
8 larger area tunnel.

If the flow behind the incident wave is initially supersonic,
that is, greater than about 56 psi, a shock is transmitted and an upstream
facing shock forms in the transition section. This shock either stands
in some part of the transition section or is swept downstream into the
larger area tumel, depending on the sres ratio and the strength of the
incident wave. The upstream facing shock formed by the expansion affects
the presttfi:;e history close to the transition section. The transmitted
pressures shown in Pigure 6.1 are several diameters downstream of the
transition, where the peak has disappeared and the wave is again flat.

Shock tube experiments to date show that the ratio of imput
presswe to transmitted pressure is dependent only on the input pressure
ratio and the area ratio. The dismeter of the small and large ducts do
not affect the results provided that the area ratio is kept constant.
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T. SHOCK WAVE FILLING A CHAMBER THROUGH TUNNEL SYSTEMS

When a shock wave is applied to & tunnel system, the resulting
wave action within the system will depend on the geometry of the system.
In general, & shock wave will initiate a transient or non-steady process
which consists of the primary shock front followed by compression waves,
rarefaction waves and shock fronts reflecting from open and closed
tunnel ends. During the pessage of these transient waves, the pressure
throughout the system gradually increases as & result of flow into chamber
volumes. This flow is called quasi-steady because it tends to conform
to steady flow theory.

A good example of the non-steady process is seen in the idealized
pressure-time curve, Figure T.l, taken from a gage located part way
down a streight tunnel, closed &t one end and exposed to & step shock
at the other end. The curve shows a series of six distinguishable
pressure levels; the last four indicated as 3, 4, 5, and 6 on Figure 7.1
will recycle with decaying amplitude. If & chamber is added to this
tunnel system, the relatively high frequencies represented in the
transient waves will be attemuated due to absorption by the chamber.
The absorbing quality of & chanber will depend on how much of the initial
shock is teken from the tunnel system and not returned by the chanber.
For exanple, a smell chanber at the end of & tunnel will take all of the
initial shock, but will return, in the wey of reflection, some of it to
the tunnel system. BHowever, a large chamber will teke all of the initial
shock and reflect but a small portion. A chanber located part way up a
tunnel and connected to the side wall of the tunnel with a short duct

will teke only pert of the initial shock front and allow the rest to

7-1



PRESSURE

1.

TIME

The primary shock passes into the tunnel
increasing the pressure.

A reflection of the primary shock from the
closed end moves back up the tunnel to the
open end, again increasing the pressure.

The reflected pressure is relieved at the
open end by a rarefaction wave which moves
back into the tunnel and reduces the pressure.

Reflection of this rarefactlion at the closed end,
result in a stronger rarefaction again lowering
the pressure.

When this low pressure reaches the open end, &
compressional wave is allowed to enter the tunnel
and move toward the closed end and increase the
pressure again. This compressional wave may
develop a shock front as it moves down the tunnel.

A reflection of this compressional wave at the
closed end results in a stronger compressional
wave moving toward the open end.

FIG. 7.1-CYCLIC NATURE OF A SHOCK WAVE IN A
CLOSED END TUNNEL.
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continue in the main tummel. In this case, the ratio of the volume
of the chamber to the cross-sectional area of the tunnel will determihe
vhether or not some of the wave entering the chaxber is returned to the

tunnel .



T.1 The Pressure-Time History in a Chamber

+T.1.1 The Chamber Geometry
When a shock wave is applied to the entrance of a

chasber which has roughly cublcal dimensions, and the entrance area to
the chamber is small compeared to the volume of the chamber immediately
behind the entrance, the chamber will f111 to a maxisnm pressure in a
time that is a function of the chamber geometry, volume, entrance area,
and applied pressure. The shape of this pressure time curve will be

treated in the next section.



T.1.2 Construction of the Fill-Time Curve

Figure 7.2 shows a curve of an experimentally determined
quantity C versus (.'t"‘s - Ph)‘ This curve mey be used to predict the
pressure-time history in a chamber but only for those applied pressure
waves whose overpressure is less than 150 psi.

Pigure 7.3 shows a layout of a possible tunnel chamber
configuration to which the method described can be applied.

The following steps should be taken in order to make a
prediction of the pressure-time history within a chanber.

1. A typical pressure-time record of the applied wave
mist be obtained. This may be observed either from actusal records of
previous firings or by assuming the pressure and wave shape. This applied
wave should be plotted on a pressure-time coordinate axis as done in
Figure T.L.

2. Specific values of overpressure should be read from
this curve corresponding to selected values of time. In order for the
person uneccustomed to working with this method to be successful, it is
suggested that some twenty to forty time values be selected along the time
axis. Also, for ease of calculation, it is suggested that these times be
80 selected as to give equal time intervals.

3. ‘hkethevalueorl’sre.dfort-o. From this value
of 1’s subtract the value of Ph also for t = 0. It might be noted at
this point that for t = O, Ph-O, however for any value of t> 0, Ph
will be greater than O.

k. Using this value of (P, - P, ) determine from Figure
7.2 the value of C for t = O.

-5
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5. Substitute the values of C, V, and A into the equa-
tionC-%x%, vhere V is the volume of the chaxber to be filled,

A the area of the entrance to the chamber through which the filling
takes place and At is the time in seconds between the value of t = O
and the next value of t chosen in step 2. Solve the equation for APh.

6. Add AP) to the overpressure in the chaxber at the
beginning of the time interval. Note that the overpressure in the
chamber at time t = O is zero. This summation of Pll- + APM will be the
value of Ph used in the second time interval.

T. On e convenient pressure-time axis, plot the obtained
values of Ph ageinst the values of t in seconds at the end of the time
interval. Draw a straight line connecting the preceding point and the one
thus plotted. In the case of the first time interval, the straight line
wiil be constructed between the origin and the first calculated point.

8. Determine the value of (Ps - Ph) for the second time
interval. This is done by reading the value of Ps corresponding to the
second value of time selected and subtracting from this the value of Ph
in step 6.

9. Again as in step 4, find the corresponding C and
solve the equation as in step 5.

10. Plot the second point and sgeain connect this point
and the preceding one with a straight line.
This process should be repeated for all time intervals selected
in step 2. The resultant series of straight lines will give the

pressure-time history in the chamber.



Teble 7.1 and Figure 7.5 give a tabulation of the pressure time
history and a plot of this history respectively. This tabulation and
curve result vhen the shock wave in Figure 7.4 enters a chamber of the
type shown in Figure 7.3 where the ratioc of the volume of the chaxber
to the area of the entrance is 100. It should be pointed out here that
vhen, in the course of the calculations, the value of (P’ - h) becomes
negative, Figure 7.3, the curve of (1’ls - h) versus C may still be used.
However, when (P. - Ph) is negative it should be assumed that both axes
of the curve are¢ negative. Therefore a negative (r‘!j - rh) will give

rise to a negative C.



Table 7.1 Tabulation of a Pressure-Tims History of a Chamber

3, sec.
0

.025
.050
075
.100
125
150
175
200
225
«250

.500

.550

f.‘.’i pei P!t’ psi
20.0 0
19.2 7.00
18.4 12.58
17.6 16.33
16.8 17.58
16.0 16.83
15.2 16.08
4.5 15.20
13.8 14,58
13.1 13.83
2.4 13.21
1.8 12.46
1.2 11.8%
10.6 11.34

9.9 10.72
9.4 9.97
8.8 9.47
8.3 8.85
TT 8.35
7.2 T.73
6.7 7.23
6.2 6.73
5.7 6.23

7-10

P - By c el
20.00 28.0 x 10° T.00
12.20 22.3 5.58

5.82 15.0 3.T5
1.27 5.0 1.25
-.T8 -3.0 -5
-.83 -3.0 -.T5
-.88 -3.5 -.88
-.T0 -2.5 -.62
-.78 -3.0 -.75
-.7T3 -2.5 -.62
-.81 -3.0 -.T5
-.66 -2.5 -.62
-.64 <2.0 -.50
-.Th -2.5 -.62
-.82 «3.0 -.75
=57 -2.0 -.50
-.67 -2.5 -.62
-.55 -2.0 -.50
-.65 -2.5 -.62
=.53 -2.0 -.50
-.53 -2.0 -.50
-.53 -2.0 .50
-.53 -2.0 -.50



Table 7.1 (Continued)

tasec.  Dyr P By el
575 5.2 5.73
+600 4.8 5.23
625 by k.98
.650 3.9 L.u8
675 3.5 3.98
.T00 3.1 3.60
725 2.7 3.22
.T50 2.3 2.72
TT5 2.0 2.47
.800 1.6 2,09
.825 1. 1.
.850 1.1 1.51
875 0.8 1.29
900 0.6 0.91
925 0.4 0.7T2
.950 0.2 0.51
975 0.1 0.31

1.000 o 0.19

7-11

c AP!‘_
-2.0 x 10° =.50
-1.0  -.25
2.0  -.50
2.0  -.50
1.5 -.38
-1.5 -.38
2.0  -.50
-1.0  -.25
-1.5 -.38
-1.5 -.38
-0.8  -.20
0.9  -.22
-1.5 -.38
-0.8  -.20
-0.8  -.20
-0.8 .20
0.5 -2
W4 ko o ]
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7.2 Tunnel Configurations With Chambers

The problem of shock waves applied to tunnel systems which
lead to chambers has been studied with respect to the filling process
of the chamber. It is shown in the previous section that if the wave
shape at the entrance to the chamber is known, or can be predicted,
the fill time curve in the chambers can be established. The pressure
profile at the chamber entrance does not have to be the simple type
discussed in Section 7.l1.2 but may be complex as shown in Figure 7.1.
Figure 7.6 shows 3 tunnel systems which may be representative
of existing designs. The single tunnel may be treated as a simple tunnel.

Some notes on the other configuretions are given in the following sections.
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T.2,1 The Multiple Entrance
In general the effect on the filling of a chamber by more

than one tunnel will be gimilar to increasing the size of the one
tunnel thereby causing a proportional increase in the rate of filling
of the chamber. If two or more tunnels lead to & single inlet, the
resulting £ill rate will correspond to the enlarged entrance. 1t is
concluded that the total tunnel entrance area should be a minimm in

order to minimize the rate of pressure rise in the chamber.

7-16



T.2.2 The Bypess Entrance
The by-pass system, one that has a length of tunnel

beyond the entrance, has the effect of reducing the rate of pressure
rise in the chamber because it allows only part of the entrance flow
to pass into the chamwber. However, a by-pass should not be constructed
for this pwrpose only, for the following reeson.

For the by-pass to be effective it must be comperable in
length to one-half the length of the shock wave entering the by-pess,
otherwise the reflected pressures from the end of the by-pass will be
applied to the chamber entrance. A study mede of this length require-
ment showed that the volume of such a tunnel length should spproach
the volume of the chamber. If this tunnel volume is applied to the
chanber, creating a larger volume, then the new rate of pressure rise
in the chamber would be less than that created by the most efficient
by-pass system. If the volume of the by-pass were made equal to the
volume of the chamber and & simple configuration constructed with a
new volume equal to the sum of the two, the reduction in f£111 rate
of the larger chamber would be 25 percent greater than that accomplish-
ed by the chsmber and dy-pess system.



8. REFLECTED PRESSURES IN TUNNELS

When a shock wave impinges on a reflecting wall or blast resistant door,
within a tunnel system, & reflected pressure is developed in the area of the
wall or door. This reflected pressure sustains itself until it is relieved
by & rarefaction from a low pressure area. The relief may come from another
tunnel or chamber not yet full or from the entrance to the tunnel. When a
shock wave is very long compared to the length of the tunnel, it 1s possible
to have the entire tunnel under reflected pressure loading. Figure 2.2 shows

the reflected pressure developed for corresponding values of applied pressure.



8.1 The Short Tunnel

A tunnel will be considered short if it is less than 10 dlameters long.
This limitation is established since experiments show that for distances less

than 10 diameters the new shock in the tunnel i1s not fully developed.



8.1.1 The Short Tunnel Side-On

When a short tunnel is side-on to a blast, the resultant loading
on & wall or door in the short tunnel becomes very complex. Figure 8.la shows
a sketch of such a configuration. In an extremely short tunnel, the blind end
of the tunnel could be considered as the side wall of the tunnel. As this
length 1s increased a diffraction pattern is set up on the walls (merked A and B
in Figure 8.1a) and reflected pressures are developed. The pressure of the first
reflection could be as high as the reflected pressure value for a shock wave in
the main tunnel. The possibility of multiple reflections yielding still higher
pressures exist. In addition to the reflections, stagnation pressure will be
sustalned in the region of wall B. The disadvantages of short tunnels or alcoves
are therefore obvious. It should be mentioned however that the reflections that
occur on wall A will be of relatively short duration and hence may not damage a

door with a very long natural period of vibration.
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8.1.2 The Short Tunnel Face-On

A tunnel less than 10 dlameters long and oriented face-on to the
blast is considered short. Consider such a tunnel to have a large reflecting
area about the tunnel entrance. In the limiting case, the tunnel will have no
depth and the maximum pressure will be the pressure on the reflector (see Figure
8.1b). As the depth of the tunnel is increased the pressure in the tunnel in-
creases in the reflected pressure. At a distance of 10 diameters in the tunnel
the pressures will maximize. The maximum pressure on & reflecting wall is

plotted in Figure 8.2 as a function of the applied pressure.
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8.2 The Long Tunnel

The long, face-on, tunnel having & totally reflecting door or wall
will sustain the reflected pressure plotted in Figure 8.2 if the blast wave
did not attenuate., Under practical conditlions the shock wave will not be
infinitely long nor will the tunnel wall be smooth, Therefore, after the
shock meximization the blast wave in the tunnel will begin to decay and the
reflected pressure will be that assoclated with the new pressure value. For
design purposes it would be wise to consider that the decay does not begin
until the shock 1s 10 or more diameters down the tunnel. Blast wave attenua~

tion is discussed in Chapter 5.
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8.3 Comparison of Reflected Pressures

Figure 8.3 shows plots of the reflected pressures developed in tunnels
for three entrance conditions. The pressures are those that would be developed
on reflecting walls or doors positioned at the shock maximization distances. The

edvantages of the side-on orientation i1s obvious.
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9. BIAST ARRIVAL TIMES IN TUNNELS

9.1 8Shock Front Arrival Time

Figure 2.1 is & plot of shock velocity as a function of shock over-
pressure and can be used for determining the blast arrival time in tunnels.

In approximating the arrival time between two stations in a straight
uniform section of tunnel, the pressure is first predicted for the points under
consideration, and the velocity of the wave at these points can be determined
from Figure 2.1. The average velocity for the two points can be considered the

velocity over the distance involved.
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9.2 Time Interval Between Incident and Reflected Shock Waves in a

Closed Tunnel

When a shock wave traveling down a tunnel reflects on a closed end
of the tunnel, a reflected shock front 1s created and moves back into the original
shock, causing a considerable increase in pressure. Section 3 of this report
presents curves for determining maximum pressures in tunnels. In the event that
certain of the tunnels have closed ends the pressures predicted (Section 3) are
only the first shock pressures received. A second pressure, the reflected pressure
will appear at a point in the tunnel at a time interval which is a function of the
shock pressure, the ambient sound velocity, and the distance from the closed end
to the point in question. The time required for a shock to pass a point in such
a tunnel and for the reflection to return from the closed end is shown in Figure
9.1 for four different pressure levels.

The equations from which these curves are obtained are:

X X
t = P
Uu U
5 m——
6p 1/2
p -
TP
= X 1
a.o + 1/2 ’
<2Ps ép_
+ 1 1+
\ % TP,

where X 1s the distance from the point in the tunnel to the closed end.
The equations are valid where loses, due to decay, in the distances are
considered negligible and where the wave form is nearly constant over the times

involved.
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